A mecA-containing Staphylococcus aureus strain was grown in the presence of high concentrations of D-serine, D-threonine, and D-phenylalanine. These growth conditions resulted in the replacement of the carboxyl-terminal (fifth) D-alanine residue of peptidoglycan stem peptides with the D-amino acid present in the growth medium and a reduced ability to grow in the presence of methicillin. The most dramatic effect was seen with D-serine. With 32 mM D-serine, strains that had been able to grow in the presence of 800 g of methicillin per ml were only able to grow in the presence of less than 50 g/ml. The results also suggest that in S. aureus vancomycin resistance mediated through the incorporation of precursors not terminating in D-alanyl-D-alanine would be mutually exclusive with expression of mecA-mediated methicillin resistance.
Expression of methicillin resistance in Staphylococcus aureus
is mediated by the mecA gene product, penicillin-binding protein (PBP) 2A (PBP 2A) (15) . PBP 2A is assumed to act as a peptidoglycan-synthesizing enzyme (8, 12) , and because it has much lower affinities for ␤-lactam antibiotics compared to those of the set of regular staphylococcal peptidoglycan-synthesizing enzymes (4) , PBP 2A could allow continued peptidoglycan biosynthesis in the presence of concentrations of ␤-lactam antibiotics in the medium that inhibit the other peptidoglycan-synthesizing enzymes. Therefore, mecA-containing S. aureus strains are able to grow in the presence of high concentrations of ␤-lactam antibiotics. Although mecA expression is required, mecA expression itself is not sufficient for expression of methicillin resistance in certain backgrounds. Several studies have identified other important genes (2, 11) . Some of those genes, called fem, have been recognized as determinants in the biosynthesis of peptidoglycan precursors (6, 7, 14, 18, 19, 20) .
Environmental conditions that cause changes in peptidoglycan precursor biosynthesis may also alter expression of methicillin resistance in S. aureus. Growth of a mecA-containing S. aureus strain in the presence of high concentrations of glycine produced peptidoglycan in which the carboxyl-terminal D-alanine residue of the stem peptides was replaced with glycine, and this substitution was paralleled by heterogeneous expression and a reduction in the level of methicillin resistance (9) . The replacement of the carboxyl-terminal residue of peptidoglycan stem peptides apparently resulted from the synthesis of peptidoglycan precursors terminating in glycine rather than D-alanine. This situation is analogous to that in the fem mutants, in which altered precursors also led to a reduced susceptibility to methicillin (6, 7, 14, 18, 19, 20) .
In order to determine whether modifications in peptidoglycan precursors are always accompanied by a change in the level of methicillin resistance, a mecA-containing S. aureus strain was grown in the presence of high concentrations of a variety of D-amino acids. Such conditions are known to lead in many bacteria to a peptidoglycan in which the carboxyl-terminal Dalanine of the stem peptides is replaced by the D-amino acid present in the growth medium (17, 21) . Provided that this also occurs in S. aureus, these growth conditions would be expected to render a mecA-containing strain more susceptible to methicillin.
MATERIALS AND METHODS
Growth conditions and growth in the presence of methicillin. A total of 10 7 cells of an overnight culture of the mecA-containing S. aureus strain COL (11) grown in tryptic soy broth (TSB; Difco) was transferred to 2 ml of TSB supplemented with 0.25 M glycine, L-serine, D-serine, D-phenylalanine, and D-threonine (Sigma) and twofold increasing concentrations of methicillin. Growth was measured after 24 and 48 h of incubation at 37°C. In another set of experiments, the concentration of methicillin was kept constant at 5 or 50 g/ml and the amount of D-amino acid was varied.
Peptidoglycan and muropeptide analysis. Cells were grown in TSB with the addition of D-amino acids. Peptidoglycan was isolated from exponentially grown cells, and its muropeptide composition was analyzed by reversed-phased highperformance liquid chromatography (HPLC) as described before (5) . The structures of the muropeptides were determined by a combination of amino acid analysis and mass spectrometric (MS) techniques (23) .
RESULTS AND DISCUSSION
Peptidoglycan composition and muropeptide structures. Growth in the presence of 0.25 M D-serine and D-threonine altered the peptidoglycan composition of S. aureus dramatically (Fig. 1) . The D-alanine-terminating pentapeptide-containing muropeptides (unsubstituted monomeric species and pentaglycine-substituted mono-, di-, tri-, tetra-, penta-, and hexameric species [peaks 1, 5, 11, 15, 16, 17, and 18, respec- (Table 1) . MS-MS analysis revealed the amino acid sequence and showed threonine and serine to be at the carboxyl-terminus position of the muropeptide stem peptides (data not shown).
The elution times and mass spectrometric analyses of Thr3, Thr7, Thr8, Thr9, and Thr10 indicated that these peaks are pentaglycine-substituted threonine-terminating mono-, di-, tri-, tetra-, and pentameric species, respectively (Table 1) . Similarly, in the presence of D-serine, monomeric (Ser1 to Ser4), dimeric (Ser6 to Ser9), and trimeric (Ser10 and Ser11) serineterminating pentapeptide species could be detected ( Table 1 ).
The proposed structures of the peaks were confirmed by MS-MS analysis (data not shown).
Carboxyl-terminal D-threonine and D-serine in peptidoglycan stem peptides have been reported before in other bacteria grown under similar conditions (3, 21) , as has the presence of two serine residues in stem peptides of peptidoglycan (22) .
The relative abundance of the peaks depended on the concentration of D-amino acids in the medium, as shown in Fig. 2 for D-serine. The presence of D-amino acids other than Dalanine in the peptidoglycan must be the result of the incorporation of D-alanyl--D-amino acid-terminating peptidoglycan precursors synthesized in the cytoplasm. Such D-alanyl-Damino acid-terminating precursors are likely the result of the addition of the D-alanyl--D-amino acid rather than D-alanyl--Dalanine to the UDP-linked tripeptide at the cytoplasmic stage of peptidoglycan precursor synthesis (21) . Information on the sequence of the S. aureus genome did not reveal the presence of more than one ligase in this organism (13) , and therefore, synthesis of the altered dipeptide is likely to occur by the D-alanyl--D-alanine ligase. Such proposed broad substrate specificities for the D-alanyl--D-alanine ligases have been demonstrated for the enzymes of Escherichia coli (24) .
Equimolar concentrations of L-serine in the growth medium did not affect the muropeptide profile of peptidoglycan (data not shown).
D-Amino acids in growth medium and ability to grow in the presence of methicillin. Growth in the presence of D-amino acids also had a profound effect on the ability to grow in the presence of methicillin. Addition of 0.25 M D-serine, D-threonine, or D-phenylalanine to the growth medium allowed growth in the presence of methicillin only at concentrations below 10 g/ml, whereas growth occurred in the presence of methicillin at concentrations of 800 g/ml when the medium was not ............................................................................. Table 2 ). The degree of growth reduction in the presence of methicillin differed for each D-amino acid. Addition of 0.25 M L-serine to the growth medium did not affect the ability to grow in the presence of methicillin ( Table 2 ).
The extent of growth reduction in the presence of methicillin depended on the concentration of the D-amino acid in the medium. Addition of 0.125 M D-threonine allowed cell growth in the presence of methicillin at concentrations above 50 g/ ml, whereas 0.25 M D-threonine allowed growth in the presence of methicillin only at concentrations below 5 g/ml (Table  3) . D-Serine was more effective in reducing cell growth in the presence of methicillin, and it was effective at even lower concentrations of the amino acid than those of D-threonine. Addition of 0.125 M serine did not allow cell growth in the presence of methicillin at concentrations above 5 g/ml in the medium, and addition of 0.032 M D-serine halted cell growth in the presence of between 5 and 50 g of methicillin per ml in the growth medium (Table 3 ). It was observed that growth did occur upon prolonged incubation (Tables 2 and 3) , and this may have been caused by a heterogeneous expression of resistance (16) . Population analysis profiles showed that this was indeed the case (data not shown).
The presence of these high concentrations of D-amino acids had little effect on cell growth in the presence of vancomycin (data not shown).
Cell growth in the presence of methicillin and peptidoglycan composition. This study extends the observation that there is a correlation between the presence of a D-amino acid other than D-alanine at the fifth (terminal) position of peptidoglycan stem peptides and the expression of methicillin resistance in S. aureus (9) . The presence of D-amino acids other than D-alanine at the carboxyl terminus of these stem peptides must have resulted from the incorporation of D-alanyl-D-amino acid-terminating peptidoglycan precursors synthesized in the cytoplasm. In the absence of methicillin, synthesis and incorporation of these precursors had little effect on cell growth, indicating that these precursors are suitable substrates for the enzymes that usually process D-alanyl-D-alanine-terminating species, i.e., the staphylococcal PBPs. It should be noted, though, that the peptidoglycan of these cells contained a reduced amount of oligopeptides, as evidenced by the disappearance of the hump at Table 1 and reference 5. the end of the chromatogram (Fig. 1B and C) . The reduction in cross-linking itself could make the cells more susceptible to methicillin (and ␤-lactams in general) and thus explain the correlation between the reduced methicillin susceptibility and the altered peptidoglycan composition. Alternatively, it is possible that D-alanyl--D-serine and D-alanyl--D-threonine are poor substrates for PBP 2A, and biosynthesis of these precursors would therefore fail to support growth under conditions in which PBP 2A is the only active PBP, i.e., when methicillin is present in the growth medium and all the staphylococcal PBPs with the exception of the low-affinity PBP 2A are inactivated (4, 10) . This study presents another example of how alterations in peptidoglycan precursor biosynthesis in S. aureus affect susceptibility to methicillin (6, 7, 9, 10, 14, 18, 19) . It demonstrated that substitution of the carboxyl-terminal D-alanine residue resulted in decreased methicillin susceptibility. It therefore seems most likely that expression of vancomycin resistance through incorporation of D-alanyl--D-lactate-terminating peptidoglycan precursors, as seen in enterococci (1), is mutually exclusive with the expression of methicillin resistance mediated through PBP 2A.
